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Synchrotron x-ray diffraction can be a useful tool in the study of fine grained 
materials.  The highly focused, high energy beams combined with fast 2-dimensional 
detectors allow for the quantitative study of crystallographic preferred orientation 
(texture) of these difficult to study materials.  Here, two different studies were done that 
demonstrate the range of applications for this technique. 
Shales display a large degree of seismic anisotropy, largely due to texturing of clay 
minerals.  Eleven samples from the Green River and Mancos Shale formations were 
studied.  P- and S-wave velocities were calculated based on orientation distributions 
obtained through Rietveld analysis.  P-wave anisotropy was found to range from 0.4% to 
7.1% in Green River samples, and from 1.8% to 7.6% in Mancos Shale samples.  This is 
found to be similar to, but generally lower than, that of other shales previously studied 
around the world.  This is due to lower average clay volume fractions in the Green River 
and Mancos samples studied here.  The clay volume fraction and the intrinsic P-wave 
anisotropy in the samples studied here and in previous work show a linear correlation. 
The D” region of the lower mantle lies just above the core mantle boundary and 
exhibits complex seismic anisotropy.  The post-perovskite phase of (Mg,Fe)SiO3 is 
thought to be one of the main mineral phases here, and it is possible that texturing 
(preferred orientation) of the mineral is responsible for a  large portion of the seismic 
anisotropy observed in the D”.  Texture development in other post-perovskite structured 
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compounds, including MgSiO3, MgGeO3, and CaIrO3, have been studied.  In this thesis, a 
new experiment was done on the NaMgF3 post-perovskite analog in order to further the 
study of these compounds.  NaMgF3 perovskite was found to develop a strong (100) 
texture.  NaMgF3 post-perovskite, synthesized from the perovskite phase, was found to 
have an initial texture of (130) oriented at high angles to compression.  Upon 
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Crystallographic preferred orientation, or texture, is an important characteristic of 
many materials.  Texture in a rock composed of anisotropic crystals can result in bulk 
anisotropy of physical properties such as thermal and electric conductivity, magnetic 
properties, and elastic properties.  Deposition of anisotropically shaped crystals, crystal 
growth, and deformation can result in the development of texture.  This can be further 
modified by phase transformations and recrystallization. In Earth materials, texture can 
provide information about magnetic fields, depositional processes, temperature gradients, 
and deformation.  In geophysics, one of the most important properties related to texturing 
is seismic anisotropy.  
There are several different methods available for the measurement of texture, 
including conventional x-ray goniometry, neutron diffraction, electron back-scatter 
diffraction (EBSD), and synchrotron x-ray diffraction, which is the method used here.  
Conventional x-ray goniometry is quick and inexpensive; however, pole figures can only 
be adequately measured if the diffraction peaks of a material are sufficiently far apart.  
This limits its usefulness to samples with a very low number of phases (Wenk & Van 
Houtte, 2004).  Additionally, penetration depth is limited, so x-ray goniometry is 
primarily surface sensitive rather than representing a volume average. Neutron diffraction 
has a very low absorption in most materials, making it useful for large samples and thus 
yielding volume averaged textures. Low attenuation also gives the ability to use sample 
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environment cells, for controlling temperature and/or pressure.  Some of the 
disadvantages of neutron diffraction include its slow data collection and analysis (Wenk 
& Van Houtte, 2004). EBSD provides localized information about orientations or 
misorientations and is able to see microstructure and subgrains, as samples are analyzed 
in a grid-pattern (Randle & Engler, 2000).  EBSD only provides information about the 
surface of a sample, though there are techniques such as focused ion beam (FIB) milling, 
which are destructive.  EBSD can also be problematic for analyzing samples with very 
fine and poorly crystalline grains, such as clay minerals.  Clays typically have defects and 
stacking faults, which make it difficult to obtain good EBSD patterns.  Additionally, it 
can be difficult to get a high enough surface polish for EBSD on clays. 
The use of synchrotron x-ray sources for texture measurements is relatively new.  It 
has only been since the mid-1990s that sources and fast detectors capable of being used 
to measure texture have been utilized (Wenk & Grigull, 2003).  Synchrotrons provide 
several key advantages over other techniques, including the ability to provide very high 
intensity, highly focused x-ray beams of short wavelengths.  The high intensity beams 
allow for faster, higher resolution data and better peak separation, eliminating some of 
the problems with conventional x-ray sources.  The use of area detectors allows one to 
record full Debye rings as diffraction images, increasing pole figure coverage.  
Additionally, synchrotron x-rays in transmission geometry can penetrate much thicker 
samples than conventional x-rays, and are able to obtain volume averaged textures. 
Synchrotron x-ray diffraction provides some advantages over neutron diffraction.  
Neutron diffraction is useful for bulk materials due to its low absorption, and has 
advantages for very large and coarse-grained samples. However, the high energy beams 
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of the synchrotron can penetrate relatively thick (cm scale) samples, and data collection is 
significantly faster than neutron diffraction (Wenk, 1991).  Synchrotron x-ray detectors 
can capture diffraction images in seconds or minutes, rather than the hours needed for 
neutron diffraction.   
Synchrotron diffraction is also useful for samples in a diamond anvil cell (DAC) 
under high pressure.  EBSD is unable to provide in-situ measurements at high pressures, 
and would not be useful unless the sample is quenchable.  In order to generate high 
pressures in the DAC, sample sizes need to be very small.  The small (several μm) beam 
size of the synchrotron x-ray beam allows for the diffraction of the sample, while 
avoiding diffraction from the DAC and gasket assembly.  In general, neutron diffraction 
beams are too large to accomplish this. 
In this thesis, synchrotron x-ray diffraction was used in two separate experiments.  
Shale samples from the Green River and Mancos Shale formations were analyzed, 
demonstrating this technique’s ability to measure texture in fine grained, multiphase 
samples.  Intrinsic anisotropy was calculated using the measured texture.  The second 
experiment is a high-pressure deformation experiment of NaMgF3 in the DAC.  In-situ 
texture measurements were taken while increasing pressure, showing deformation and 














The study of shales has become increasingly important due to their role as 
hydrocarbon source rocks and reservoirs, as well as their role as cap rocks. They are also 
viable targets for CO2 and nuclear sequestration. Shales are composed largely of platey, 
elastically anisotropic phyllosilicate clay minerals.  During deposition, compaction, and 
lithification, these clay minerals develop the preferred orientations (texture) that control 
the bulk anisotropic elastic properties of shale.  This results in seismic anisotropy.  
Seismic anisotropy is controlled by texture and elastic anisotropy of the constituent 
mineral phases, fractures, and porosity, as well as fluids that may be present (Hornby, 
1994; Sayers, 1994).  It has been found that intrinsic anisotropy, due to texturing of 
minerals, is the dominant source of anisotropy in shales (Allan, Kanitpanyacharoen, & 
Vanorio, 2015).  Quantitative studies of clay textures in shales are difficult due to their 
very fine grain size and poor crystallinity.  Methods of studying texture using synchrotron 
x-ray diffraction have been developed recently, and have been applied to a limited 
number of shale formations (Easley, 2014; Kanitpanyacharoen, Wenk, Kets, Lehr, & 





Jahren, 2009; Wenk, Voltolini, Kern, Popp, & Mazurek, 2008b; Wenk, Voltolini, 
Mazurek, van Loon, & Vinsot, 2008a).  
The anisotropic properties of shale are a concern for seismic surveys, particularly as 
they relate to hydrocarbon exploration.  Shales comprise roughly 75% of rocks in typical 
sedimentary basins and act as both source rocks and reservoir seals (Jones & Wang, 
1981).  In many cases, shales are assumed to be isotropic for the purposes of developing 
models in seismic surveys.  This assumption can lead to significant errors, particularly in 
regards to depth (Banik, 1984).  Shale formations, if bedding is close to horizontal, can 
cause units to appear deeper than they actually are.  Seismic models can be improved if 
anisotropy is taken into consideration.  However, anisotropy is difficult to constrain as it 
can vary widely.  As cores samples are commonly taken during hydrocarbon exploration, 
shale samples can easily be studied for mineralogy.  One of the goals of this study is to 
establish a method to estimate anisotropy based on the clay content of a shale. 
The shale samples used in this study come from the Mancos Shale and the Green 
River formation.  The samples used have been studied previously using sedimentological 
methods (e.g., DOE, 2011; Horton, 2012).  Neither formation has been studied for 
texture. Synchrotron x-ray diffraction data were collected, and then analyzed using a 
Rietveld analysis to obtain texture information for the minerals present in each sample, 
with a particular interest in clay minerals. Compressional (P) and shear (S) wave 
velocities for the bulk samples were calculated based on mineral texture information, in 
combination wih single crystal elastic properties.  Calculated properties were compared 







Geologic Setting of the Mancos Shale   
The geology of the western part of North America during the Late Cretaceous was 
largely controlled by the subduction of the Farallon plate underneath the North American 
plate.  The result of this subduction was the thickening of the crust in the region through 
thrusting and folding (Livaccari, 1991).  Low angle thrust fault systems are ubiquitous in 
the region.  The older thrusts faults tend to be mostly towards the west, with the younger 
faults being more to the east. Younger thrust faults are typically lower angle than the 
western faults and are associated with the Sevier orogeny (Dickinson et al., 1988).  These 
thrust faults resulted in a crustal shortening of roughly 100 km in Utah, and produced a 
structural relief of approximately 25 km (DeCelles, 1994). A foredeep basin was formed 
to the east of the thrust systems by subsidence from the loading of the crust.  This newly 
formed Rocky Mountain foreland basin then began to be filled with sediment (Decelles & 
Giles, 1996) 
The Western Interior Seaway covered much of North America during the Cretaceous, 
with several hundreds of meters of sediment accumulating in the various basins around 
the Seaway (Kauffman, 1977).  The Mancos Shale was first described in Colorado in the 
Mancos River Valley (Cross & Purington, 1899).  Outcrops of the Mancos Shale 
formation can be found around southern and southeastern Utah.  The Mancos Shale was 
deposited from 95-75 Ma.  It was deposited as a marine shale across the Uinta Basin, and 
averages approximately 4000 ft. thick throughout the Basin (Council, 2009). A map of 
the Western Interior Seaway and the Uinta Basin is shown in Figure 1. 










Figure 1: Map of the Cretaceous Western Interior Seaway and the location of the Uinta 
Basin. Locations wells Questar-8 & 16, Pioneer-1&2 and EX-1 are shown.  







more proximal to the source.  Some of these more proximal units are the Ferron and 
Emery Sandstones, and the Blackhawk formation.  Multiple transgressions and 
regressions of the Interior Seaway are recorded in these units during the late Cretaceous 
(Yoshida, 2000).  In the western portion of the Mancos Shale, it can be found 
interfingered with these more coarse-grained formations. 
After the Mancos Shale was deposited, the tectonic setting changed from the Sevier 
style of deformation, to the Laramide style of deformation.  The Laramide orogeny is 
characterized by faults that extend deep into the basement rocks, whereas the Sevier 
orogeny consisted of more shallow faulting.  This is sometimes called thick-skinned 
deformation and thin-skinned deformation (Johnson, 2003). Whereas the Sevier orogeny 
was characterized by north-south trending thrust faults, the Laramide orogeny resulted in 
a range of fault orientations.  The Uinta basin today is thus defined largely by Laramide 
aged deformation, as the Rocky Mountain foreland basin from the Sevier orogeny was 
divided up into smaller basins (Figure 2).  The boundaries of the Uinta basin are the 
Uinta uplift to the north, and the San Rafael Swell to the south.  To the east, the Douglas 
Creek Arch separates the Uinta basin from the Piceance Basin. 
 
Geologic Setting of the Green River Formation 
During the Eocene, the Rocky Mountain region was dominated by large lake systems 
in the various basins that were created by the Laramide orogeny.  The Green River 
formation consists of lacustrine sediments that were deposited in the Rocky Mountain 
basins during the Eocene.  These sediments represent a broad range of facies, ranging 









Figure 2: Map Illustrating the Uinta basin region.  Green denotes outcrops of Cretaceous 
rocks.  Laramide age structures include the Uinta uplift, the San Rafael Swell, and the 
Uncompahgre Uplift.  
 






In addition to lake deposits, the Green River formation is also found interfingered in 
some places with alluvial deposits of the same age associated with the Wasatch 
Formation (Carroll & Bohacs, 1999).  The Eocene lake system in its associated Rocky 
Mountain basins is show in Figure 3.  The Green River formation is also a major source 
of oil shale.  In the Uinta basin alone, there exists approximately 77 billion barrels of oil 
that can potentially be extracted (Vanden Berg, 2008). 
 
Datasets 
In this study, 11 samples from the Green River formation and Mancos Shale were 
used. The samples used represent a variety of locations and depths in these formations.  
All samples were taken from the Uinta basin from well cores that have been previously 
studied.  Figure 1 shows were these wells are located in the Uinta basin.  The Mancos 
Shale samples were previously studied in Horton (2012), and the Green River samples in 
DOE (2011). 
 
Questar Red Wash #8ML-6-9-24 
Questar Red Wash #8ML-6-9-24 is a gas well that was drilled by Questar in the 
Natural Buttes field approximately 25 miles south of Vernal, Utah.  This core will be 
referred to as Questar 8.  The well was drilled to a depth of 13,400 ft., and was cored 
from 9631 ft. to 9746 ft.   The Mancos Shale in this well extends from 9000 ft. to the top 
of the Frontier Sandstone at 11,700 ft.  The well was perforated at 32 intervals between 
4462 ft. and 9324 ft., with 6 of them being hydraulically fractured.  Initially, this well 







Figure 3: Map of the Eocene Lake system, and associated basins.  The Green River 
formation is the sediment that was deposited in these Lakes.  
 





per day (IHS, 2012a).  Three samples were used from this well in this study.  One was 
taken from a depth of 9703.4 ft. (referred to as Q8-9703), and one was taken from a depth 
of 9715.5 feet (referred to as Q8-9715).  Q8-9715 exhibited two distinct layers, one being 
lighter and one being darker.  These were treated as two separate samples for this study 
(Q8-9715-light and Q8-9715-dark). 
 
Questar Glenn Bench #16M-28-8-21 
Questar Glenn Bench #16M-28-8-21 is also a gas well in the Natural Buttes field, 
located near Questar 8.  This core will be referred to as Questar 16.  This well was drilled 
to a depth of 16,490 ft. and was cored from 15,145 ft. to 15,263 ft.  The Mancos Shale in 
this well extends from 12,480 ft. to the top of the Dakota Sandstone at 16,040 ft.  This 
well was perforated at 126 different intervals from 10,454 ft. to 16,412 ft., with 15 of 
these intervals being hydraulically fractured.  The well initially produced 2191 MCF of 
gas per day, and 974 barrels of water per day (IHS, 2012b). Four samples were used from 
this well in this study.  These samples were from depths of 15,160.4 ft. (Q16-15160), 
15,172.8 ft. (Q16-15172), 15,223.1 ft. (Q16-15223), and 15,264.1 ft. (Q16-15264). 
 
Pioneer Natural Resources Main Canyon Federal #23-7-15S-23E 
This well was drilled by Pioneer Natural Resources approximately 40 miles south of 
where the Questar wells are located.  The well was drilled to a depth of 10,370 ft., with 
two cored intervals.  One interval was from 7480 ft. to 7597 ft., referred to as Pioneer 1, 
and the second interval was from 6995 ft. to 7135 ft., referred to as Pioneer 2.  The 





top of the Morrison formation.  The well was perforated at 5 intervals from 8574 ft. to 
9841 ft., with 4 of these intervals being hydraulically fractured.  The well initially 
produced 8 barrels of oil per day, 629 MCF of gas per day, and 73 barrels of water per 
day (IHS, 2012c).  Only one sample was used from the well, from the Pioneer 2 core 
interval.  It was taken from a depth of 7135 ft. and will be referred to as P2-7135. 
 
Green River EX-1 Well 
Less information is available for this well than for the Mancos Shale wells.  The 
location of this well is marked on Figure 1.  This well was cored from a depth of 1767 ft. 
to 2969 ft.  The Green River formation extends from 1541 ft. to an unspecified depth, 
beyond the bottom of the cored interval (DOE, 2011).  Three samples from this well were 
used in this study.  The depths these samples were taken from is unknown.  The samples 
will be referred to as EX1-013, EX1-036, and EX1-091 
 
Methods 
Shales are typically composed of a significant volume fraction of phyllosilicate (clay) 
minerals, and commonly include quartz, carbonate minerals, and feldspars, although 
mineralogy can vary widely. Clay minerals display peak broadening during x-ray 
diffraction due to a number of parameters such as grain size, interlayering, stacking 
disorders, and microstrain (Wenk et al., 2008a).  Sample thickness can also contribute to 
peak broadening.  These factors, along with peak overlaps with other minerals present, 
make the identification of individual peak positions extremely difficult using 





be able to accurately measure the orientation distribution functions (ODF) of 
phyllosilicate minerals and was first applied to work on slates.  Modeling of composition, 
texture, and microstructure is possible using this method, and can be applied to shales as 
well (Lonardelli et al., 2007). 
Shale samples were prepared by cutting core samples into a square shape with height 
and width of approximately 3 to 4 cm, and a thickness of approximately 1 cm.  Samples 
were then analyzed using synchrotron x-ray diffraction at beamline 11-1D-C of the Basic 
Energy Sciences Synchrotron Radiation Center (BESSRC) of the Advanced Photon 
Source (APS) at Argonne National Laboratory.  The experimental setup illustrated in 
Figure 4 was used.  A monochromatic x-ray beam with a wavelength of 0.108040 Å and 
a beam size diameter of 0.5 mm was used.  A Perkin-Elmer flat panel detector with a 
resolution of 2048x2048 pixels, located approximately 2134 mm from the sample, was 
used to record diffraction images.  Samples were mounted on aluminum rods oriented 
parallel to the samples’ bedding and then attached to a goniometer that rotated around an 
axis (Figure 4).  This axis was defined as the x-axis and the rotation angle was called ω.  
During exposure, samples were averaged over a -5mm to +5mm scan range along the x-
axis with an exposure time of 50 seconds.  Additionally, exposures were taken at seven 
different rotations along ω for each sample, from -45º to +45º at increments of 15º.  The 
rotations and translation about ω and along the x-axis were done to ensure sufficient pole 
figure coverage and grain statistics.  Figure 5 shows a raw diffraction image from sample 
Q16-15160, at a rotation of 0º.  Intensity variations about the Debye rings indicate 
crystallographic preferred orientation (texture). 










Figure 4: Diagram of the experiment geometry. Samples were translated along the x-axis 
during each exposure, with 7 exposures taken for each sample, from -45º to +45º at 15º 
intervals about ω. Also note that a Perkin-Elmer image plate detector was used in place of 
a Mar345 detector. 
 










Figure 5: Diffraction image of Q16-15160 at 0º rotation.  Intensity variations along 
Debye rings indicate preferred orientations (texture).  Quartz (101, Illite (001), and 









Diffraction (MAUD) program (Lutterotti, Matthies, Wenk, Schultz, & Richardson, 1997; 
Wenk et al., 2014).  The images were integrated from 0º to 360º azimuth using 10º 
intervals to produce 36 spectra.  A CeO2 powder standard was used to calibrate the 
instrument geometry (wavelength, sample to detector distance, beam center, and tilt) 
before the analysis of the samples.  A total of 252 spectra (36 spectra for each of the 
seven rotations) were used to process each sample. A 2θ range of 0.7º to 3.5º was used 
for the analysis of each sample. This small 2θ range is used as the d-space of clay mineral 
is limited, largely due to the high energy of the beam, and also to reduce computation 
time.   MAUD uses a Rietveld algorithm (Rietveld, 1969) that allows for a quantitative 
texture analysis (Lutterotti et al., 1997).  A Rietveld refinement uses a least-squares 
method to minimize the difference between the collected experiment diffraction data, and 
a calculated diffraction model.  The calculated model is thus created by refining many 
parameters including crystal unit cell parameters, weight fractions, microstrain, and 
preferred orientations.  This refinement technique is able to successfully resolve 
overlapping diffraction in peaks that occur in shales (Wenk et al., 2008a).  Figure 6 
shows the average spectra for both the experimental and computed model for sample 
Q16-15160. 
For the Rietveld refinement, parameters for the crystal structures of each phase are 
needed.  Information for a mineral’s symmetry, space group, unit cell parameters, and 
microstructure are contained within crystallographic information files (CIFs).  The CIFs 
for illite-mica (Gualtieri, 2000), illite-smectite (Plancon, Tsipurski, & Drits, 1985), and 
chlorite (Joswig, Tagai, Korekawa, & Wenk, 1980) were obtained from the American 










Figure 6.  Diffraction profile of sample Q16-15160 over a 2θ of 0.7º to 3.5º using the 0º 
tilt.  Blue dots denote the measure data from the experiment, and the black line is the 







database in MAUD.  
Monoclinic minerals are typically described in second setting, where b=[010] is the 
unique axis and (001) is the cleavage plane.  However, for texture calculations in MAUD, 
first setting must be used, where c=[001] is the unique axis and (100) is the cleavage 
plane (Matthies & Wenk, 2009). This is a very important distinction that must be made in 
order for textures to be calculated properly, and can be easily confused if one is not 
careful.  Texture analysis was computed using the EWIMV algorithm.  The EWIMV 
algorithm is similar to the WIMV algorithm (Matthies & Vinel, 1982), but is optimized 
for incomplete pole figure coverage.  A 10º resolution was used, with fiber symmetry 
imposed to produce an orientation distribution function (ODF) for each mineral phase. 
Refinements were also done without symmetry imposed to verify that this symmetry was 
indeed present. 
The ODFs were then exported from MAUD into the BEARTEX program (Wenk, 
Matthies, Donovan, & Chateigner, 1998) for further processing.  The ODF defines the 
probability of the various crystal axes of a mineral to lie within a certain range of 
orientations with respect to the frame of reference.  The ODFs were smoothed in 
BEARTEX using a 7.5 degree filter and then used to create equal area projection pole 
figures (Figures 7-28).  The smoothed ODFs were then used to calculate the elastic 
properties for each mineral phase in each sample.  The single crystal elastic tensor 
coefficients (Cij’s) for each mineral phase must be known in order for this to be done.  
Coefficients for the clay minerals were obtained from Militzer, Wenk, Stackhouse, and 
Stixrude (2011), and coefficients for quartz, calcite, dolomite, pyrite, and albite were 







Figure 7. (001), (100), and (010) pole figures for clay phases illite and chlorite in sample 
Q16_15160.  Moderate strength texture is exhibited in clay phases among the studied 
samples, with a max M.R.D. in clays of around 4 being typical on the (001) basal plane.  









Figure 8.  Pole figures for quartz, calcite, and dolomite from sample Q16_15160.  Quartz 
and calcite exhibit almost entirely random distributions, with dolomite displaying a weak 
(001) texture.  With a minor exception for dolomite, these minerals do have much 







































































































































































































Figure 23. (001), (100), and (010) pole figures for clay phase illite in sample Ex1_091. 





























Figure 25. (001), (100), and (010) pole figures for clay phases illite and illite-smectite in 





















Figure 27. (001), (100), and (010) pole figures for clay phases illite, illite-smectite, and 















averaging the single crystal properties over the ODF of that particular mineral.  The 
single crystal elastic tensor coefficients that were used for each mineral phase are 
reported in Table 1. 
In order to determine the elastic properties for each shale sample, each mineral tensor 
was weighted by its volume fraction, and averaged using the Voigt, Reuss, Hill, and 
Geometric Mean.  The Voigt approximation is an average of elastic constants (Cij’s) and 
assumes an isostrain condition (Voigt, 1928).  The Reuss approximation is an average 
elastic compliance (Sij’s) and assumes an isostress condition (Reuss, 1929).  These 
provide an upper and lower limit, respectively, for each calculation.   The Hill averaging 
method is an arithmetic mean of the Voigt and Reuss averages (Hill, 1963).  The 
Geometric Mean is a method that assumes the average elastic stiffness is equal to the 
inverse of the average elastic compliances, which is not true for the Voigt and Reuss 
averages (Matthies & Humbert, 1993).  The Geometric Mean is typically very close to 
the Hill average.  BEARTEX was used to calculate P- and S-wave velocities and 
polarizations, which uses Christoffel equations to solve for these. 
 
Results 
Rietveld refinement in MAUD allows for the quantitative extraction of constituent 
mineral phase proportions in a sample (Table 2). The samples range from a low to 
moderate amount of clay minerals, with illite being by far the dominant clay phase in 
every sample.  Chlorite appears as a lesser clay phase in most samples and illite-smectite 
is present in EX1_013 and EX1_036.  Clay volume percentages in the samples range 













Table 1: Single crystal stiffness tensor coefficients (Cij’s) in GPa for the mineral phases 
used in this study.  Coefficients for illite, illite-smectite, and chlorite were obtained from 
Militzer et al., 2011.  Coefficients for quartz, calcite, dolomite, albite, and pyrite were 





Phase C11 C12 C13 C22 C23 C33 C44 C55 C66 
Illite 60.3 27.2 23.5 180.9 53.4 170 70.5 18.4 23.8 
Illite-smectite 27.2 13.2 5.2 153.9 25.1 188.5 55.4 10.4 2.8 
Chlorite 180.9 53.4 27.2 170 23.5 60.3 18.4 23.8 70.5 
Quartz 87.3 6.6 12 87.3 12 105.8 57.2 57.2 40.4 
Calcite 144 53.9 51.1 144 51.1 84 33.5 33.5 45 
Dolomite 205 71 57.4 205 57.4 113 39.8 39.8 67 
Albite 74 36.4 39.4 131 31 128 17.3 29.6 32 
Pyrite 361 33.6 33.6 361 33.6 361 105.2 105.2 105.2 




Table 2. Phase proportions obtained through the Rietveld refinement of the samples expressed in volume percentage.  The small 
fraction of aluminum present in EX1_036 and P2_7135 is likely from the x-ray beam clipping the aluminum rod while the diffraction 
image was being collected. 
  
Sample Phase Quartz Albite Pyrite Analcime Dolomite Calcite Chlorite Illite Illite-Smectite Aluminum 
EX1_013 
Vol. 
% 11.38 15.71 0.00 11.42 28.15 13.78 0.46 14.22 4.88 0.00 
EX1_036  24.31 15.80 0.85 14.00 8.26 2.00 0.00 28.43 6.28 0.07 
EX1_091  10.49 19.40 0.00 0.00 40.34 18.45 0.00 11.31 0.00 0.00 
Q8_9703  40.79 7.35 0.49 0.00 13.25 4.42 6.97 26.74 0.00 0.00 
Q8_9715_dark  48.22 8.07 0.27 0.00 13.92 5.00 6.37 18.15 0.00 0.00 
Q8_9715_light  52.00 7.93 0.26 0.00 13.96 6.09 5.09 14.67 0.00 0.00 
Q16_15172  33.21 7.11 0.87 0.00 12.72 13.61 4.72 28.19 0.00 0.00 
Q16_15223  42.49 6.65 0.80 0.00 11.68 10.46 3.56 24.37 0.00 0.00 
Q16_15264  42.19 6.75 1.23 0.00 11.17 10.14 4.53 24.05 0.00 0.00 
Q16_15160  34.13 7.21 1.20 0.00 10.81 17.54 4.09 24.33 0.00 0.00 





samples. The three samples taken from the Green River formation are comprised of a 
relatively small amount of quartz, ranging from 10% to 24%, compared to the Mancos 
samples, which range from 32% to 52%. Additionally, Green River samples EX1_013 
and EX1_091 contain a larger carbonate (dolomite and calcite) fraction, 42% and 58% 
respectively, than EX1_036 (10%) and the Mancos samples, which range from 18% to 
28% carbonates.  All Green River samples contain a significantly higher feldspar fraction 
than Mancos samples, with volume fractions in the Green River ranging from 15% to 
19%, and from 5% to 8% in the Mancos.  Overall, samples from the Mancos tend to be 
more dominated by quartz, with moderate amounts of carbonate minerals.  A small 
amount of aluminum is observed in diffraction from two samples, P2_7135 and 
EX1_036.  This is due to the x-ray beam clipping the aluminum rod holding the sample 
during x-ray exposure. 
In addition to phase proportions, unit cell parameters of the constituent phases were 
refined.  The unit cell parameters for mineral phases used in this study are reported in 
Table 3.  Monoclinic clay phases (illite, chlorite, and illite-smectite) were refined.  Small 
variations are notably more common in Green River samples.  Unrefined unit cell 
parameters of non-clay phases fit the data well to begin with, and so were fixed for all 
samples. 
The main purpose of the Rietveld refinement for purposes of this study is to quantify 
crystallographic preferred orientations of mineral phases in each sample.  The resulting 
pole figures are displayed in Figures 7 through 28.  The pole figures are equal area 
projections of pole distributions for a given Miller index of a lattice plane, show in 





Table 3. Unit cell parameters of the mineral phases used for sample refinements.  
Parameters for non-clay minerals were held constant, while those of clay phases were 
allowed to be refined.  Clay phase unit cell parameters did vary slightly, with slightly 
larger variations seen in Green River samples.  Monoclinic phase parameters (illite, 
chlorite, and illite-smectite) are reported in second setting.  
Phase Sample a(Å) b(Å) c(Å) α(°) β(°) γ(°) 
Illite Q16_15160 5.216 9.013 20.132 90 95.414 90 
 Q16_15172 5.217 9.004 20.083 90 95.47 90 
 Q16_15223 5.216 9.017 20.119 90 95.52 90 
 Q16_15264 5.216 9.014 20.104 90 95.518 90 
 Q8_9703 5.211 9.008 20.089 90 95.505 90 
 Q8_9715_dark 5.215 9.014 20.115 90 95.413 90 
 Q8_9715_light 5.225 9.012 20.144 90 95.313 90 
 P2_7135 5.208 9.017 20.089 90 95.611 90 
 EX1_013 5.239 9.026 20.102 90 94.376 90 
 EX1_036 5.233 8.999 20.052 90 94.973 90 
 EX1_091 5.238 9.021 20.112 90 94.964 90 
Chlorite Q16_15160 5.344 9.218 14.258 90 96.182 90 
 Q16_15172 5.283 9.32 14.332 90 98.135 90 
 Q16_15223 5.341 9.209 14.258 90 96.225 90 
 Q16_15264 5.326 9.21 14.246 90 96.082 90 
 Q8_9703 5.282 9.289 14.349 90 98.487 90 
 Q8_9715_dark 5.282 9.27 14.349 90 98.67 90 
 Q8_9715_light 5.248 9.164 14.401 90 98.738 90 
 P2_7135 5.352 9.17 14.281 90 96.632 90 
 EX1_013 5.303 9.236 14.359 90 98.863 90 
 EX1_036 5.097 9.964 14.48 90 98.113 90 
Ill.-Smec. EX1_013 5.416 9.18 10.865 90 99.083 90 
 EX1_036 5.466 9.199 10.791 90 99.219 90 
Calcite  4.992 4.992 17.076 90 90 120 
Dolomite  4.819 4.819 16.077 90 90 120 
Quartz  4.937 4.937 5.433 90 90 120 
Albite  8.154 12.802 7.158 94.129 116.606 87.809 
Pyrite  5.442 5.442 5.442 90 90 90 





distribution.  Pole figures are shown for illite and chlorite in second setting, where (001) 
is the basal cleavage plane.  The relatively strong texture of 4.1 m.r.d. for illite and 4.7 
m.r.d. for chlorite seen on the (001) pole figure (Figure 7) for these two phases indicates 
a strong preference for minerals to be stacked along this plane.  The maximum m.r.d. for 
the (001) illite pole figures of the samples in this study ranges from 1.3 to 6.7.  Both the 
high and low m.r.d. values are represented by Green River formation samples.  Mancos 
Shale samples have maximum m.r.d. ranges from 1.4 to 4.4.  Quartz and calcite display 
an almost completely random pole distribution, with dolomite displaying a weak texture 
on (001).  These vary slightly with each sample, with calcite sometimes displaying a 
slightly stronger texture, or dolomite displaying a weaker one.  Quartz, and the other 
minerals that are not shown, exhibit a near random texture in all samples. 
Since a fiber (axial) symmetry for texture was imposed upon each constituent phase 
in MAUD, the resulting polyphase aggregate can be treated as having axial symmetry.  
This reduces the elastic tensor from 21 to 5 independent components, where C11=C22, 
C12=C11-2C66, C13=C23, C33, and C44=C55 are the independent components with all others 
being zero (Nye, 1956).  The polyphase elastic tensors for each of the four averaging 
schemes (Voigt, Reuss, Hill, and Geometric) for each sample are reported in Table 4.  
Table 5 shows the calculated P- and S-wave velocities for each averaging scheme, 
along with calculated anisotropy and total clay volume % for each sample.  Anisotropy is 
expressed as a percentage and was calculated by Anisotropy = 200*(Vmax-
Vmin)/(Vmax+Vmin). As can be seen in the table, the Voigt (iso-strain) average is the 
upper limit for calculated velocities and the Reuss (iso-stress) average is the lower limit.   
The Hill average, and the geometric mean calculation result in similar values.  The 
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Table 4. Polycrystal elastic tensor coefficients (Cij’s) for each sample in this study.  Values were calculated for the Voigt, Reuss, and 
Hill averages and geometric mean for each sample, assuming axial symmetry.  Values are given in GPa. 
 Q16_15160  Q16_15172  Q16_15223 
 Voigt Reuss Hill Geo.  Voigt Reuss Hill Geo.  Voigt Reuss Hill Geo 
C11 120.34 90.37 105.36 106.08  123.2 91.1 107.15 107.97  118.38 90.24 104.31 104.48 
C13 28.51 26.59 27.55 28.63  28.58 26.17 27.37 28.46  25.79 24.04 24.91 25.91 
C33 104.8 83.17 93.99 92.71  105.48 83.12 94.3 92.83  108.72 85.69 97.2 96.02 
C44 41.3 29.46 35.4 34.44  42.15 29.83 35.99 34.95  43.62 31.72 37.67 36.81 
C66 45.18 31.48 38.33 38.02  46.5 32.01 39.25 38.97  45.91 32.89 39.4 38.91 
 Q16_15264  Q8_9703  P2-7135 
 Voigt Reuss Hill Geo.  Voigt Reuss Hill Geo.  Voigt Reuss Hill Geo 
C11 119.41 91.17 105.29 105.57  120.56 89.55 105.06 105.7  123.67 92.4 108.04 108.77 
C13 25.82 24.03 24.92 25.92  25.32 22.95 24.14 25.15  28.12 26.01 27.06 28.11 
C33 108.89 86.23 97.56 96.39  104.45 82.09 93.27 91.83  107.17 84.9 96.03 94.61 
C44 43.85 32.05 37.95 37.09  42.99 30.89 36.94 35.96  42.86 30.67 36.76 35.76 
C66 46.37 33.34 39.85 39.41  46.91 32.89 39.9 39.58  46.99 32.74 39.87 39.56 
 Q8_9715_dark  Q8_9715_light  EX1_013 
 Voigt Reuss Hill Geo.  Voigt Reuss Hill Geo.  Voigt Reuss Hill Geo 
C11 116.82 91.82 104.316 104.44  115.81 93.32 104.57 104.57  150.91 123.01 136.96 137.49 
C13 24.83 23.54 24.18 25.14  24.34 23.74 24.04 24.93  43.32 41.48 42.4 43.65 
C33 110.52 88.57 99.55 98.82  111.95 91.12 101.54 101.04  144.39 120.59 132.49 132.03 
C44 44.3 33.2 38.75 38.07  44.75 34.21 39.48 38.89  51.78 39.85 45.82 45.09 
C66 45.76 33.97 39.86 39.4  45.61 34.69 40.15 39.68  53.38 40.56 46.97 46.54 
 EX1_036  EX1_091      
 Voigt Reuss Hill Geo.  Voigt Reuss Hill Geo.      
C11 147.86 114.22 131.04 132.26  133.67 108.01 120.84 121.38      
C13 29.96 27.2 28.58 29.48  46.78 45.25 46.02 47.48      
C33 126.67 106.18 116.42 114.76  132.46 107.52 119.99 120.32      
C44 52.23 40.36 46.29 45.16  43.06 31.17 37.12 36.59      





Table 5.  P- and S-wave velocities calculated using the four averaging methods for each 
sample, along with calculate P and S anisotropy.  Total clay volume percent and 













(%) ε γ δ 
Q16_15160 28.42 Voigt 3.98 6.34 6.79 6.85 0.074 0.047 0.063 
  Reuss 3.36 5.65 5.89 4.16 0.043 0.034 0.029 
  Hill 3.68 6.01 6.36 5.66 0.060 0.041 0.048 
  Geometric 3.63 5.97 6.38 6.64 0.072 0.052 0.054 
Q16_15172 32.92 Voigt 4.02 6.36 6.88 7.85 0.084 0.052 0.074 
  Reuss 3.38 5.65 5.91 4.50 0.048 0.037 0.033 
  Hill 3.72 6.02 6.41 6.28 0.068 0.045 0.056 
  Geometric 3.66 5.97 6.44 7.57 0.082 0.058 0.062 
Q16_15223 27.93 Voigt 4.09 6.46 6.74 4.24 0.044 0.026 0.041 
  Reuss 3.49 5.74 5.89 2.58 0.027 0.018 0.021 
  Hill 3.8 6.11 6.33 3.54 0.037 0.023 0.032 
  Geometric 3.76 6.07 6.33 4.19 0.044 0.029 0.038 
Q16_15264 28.58 Voigt 4.1 6.47 6.77 4.53 0.048 0.029 0.044 
  Reuss 3.51 5.75 5.92 2.91 0.029 0.020 0.022 
  Hill 3.82 6.12 6.36 3.85 0.040 0.025 0.034 
  Geometric 3.77 6.08 6.37 4.66 0.048 0.052 0.040 
Q8_9703 33.71 Voigt 4.06 6.33 6.8 7.16 0.077 0.046 0.069 
  Reuss 3.44 5.61 5.86 4.36 0.045 0.032 0.033 
  Hill 3.76 5.98 6.35 6.00 0.063 0.040 0.053 
  Geometric 3.71 5.94 6.37 6.99 0.076 0.050 0.060 
P2-7135 36.99 Voigt 4.05 6.42 6.89 7.06 0.077 0.048 0.065 
  Reuss 3.43 5.71 5.96 4.28 0.044 0.034 0.030 
  Hill 3.76 6.07 6.44 5.92 0.063 0.042 0.049 
  Geometric 3.7 6.03 6.46 6.89 0.075 0.053 0.055 
Q8_9715_dark 24.52 Voigt 4.12 6.51 6.7 2.88 0.029 0.016 0.027 
  Reuss 3.57 5.83 5.94 1.87 0.018 0.012 0.016 
  Hill 3.86 6.18 6.33 2.40 0.024 0.014 0.022 
  Geometric 3.82 6.16 6.33 2.72 0.028 0.017 0.025 
Q8_9715_light 19.76 Voigt 4.14 6.56 6.67 1.66 0.017 0.010 0.017 
  Reuss 3.62 5.92 5.99 1.18 0.012 0.007 0.012 
  Hill 3.89 6.24 6.34 1.59 0.015 0.008 0.015 
  Geometric 3.86 6.23 6.34 1.75 0.017 0.010 0.017 
EX1_013 19.56 Voigt 4.46 7.45 7.61 2.12 0.023 0.015 0.017 
  Reuss 3.91 6.81 6.87 0.88 0.010 0.009 0.005 
  Hill 4.19 7.31 7.52 2.83 0.017 0.013 0.012 
  Geometric 4.16 7.12 7.27 2.08 0.021 0.016 0.014 
EX1-036 34.71 Voigt 4.48 6.97 7.54 7.86 0.084 0.053 0.064 
  Reuss 3.94 6.39 6.62 3.54 0.038 0.032 0.017 
  Hill 4.21 6.69 7.09 5.81 0.063 0.044 0.042 
  Geometric 4.16 6.64 7.13 7.12 0.076 0.056 0.046 
EX1-091 11.31 Voigt 4.06 7.13 7.17 0.56 0.005 0.003 0.003 
  Reuss 3.46 6.43 6.44 0.16 0.002 0.003 0.001 
  Hill 3.77 6.79 6.81 0.29 0.004 0.003 0.002 




geometric mean is the most physically satisfying of these averages as it achieves stress 
and strain compatibility.  As such, it will be the primary average to be discussed.  In the 
samples studied, P-anisotropy ranges from 0.4% in EX1_091 to 7.6% in Q16_15172.  As 
clay minerals display the strongest texture and are the most anisotropic, they contribute 
the most to the bulk anisotropy of a sample.  Carbonate minerals also display a weak 
texture in some samples, and are secondary contributors to sample anisotropy.  Quartz, 
pyrite, and albite have a negligible effect.  It is important to keep in mind that anisotropy 
values calculated here are only calculated based on the mineralogy and texture of each 
sample, and thus only account for intrinsic anisotropy.  Factors such as porosity, 
fractures, and any fluids present are not accounted for in this calculation. 
Table 5 also contains calculated Thomsen’s parameters.  Thomsen’s parameters are a 
way to represent the anisotropic properties of a material that has an assumed axial 
symmetry about the bedding plane (Thomsen, 1986).  These parameters are calculated 
using the previously determined Cij’s of the bulk sample and are defined as follows. 
ε = (C11-C33)/(2*C33) 
γ = (C66-C44)/(2*C44) 
δ = ((C13+C44)2-(C33-C44)2)/(2*C33*(C33-C44)) 
The ε parameter is a measure of P-wave anisotropy, while the γ parameter is a measure of 
S-wave anisotropy.  The δ parameter is related to vertical P-wave velocities.  The 
Thomsen parameters calculated for Green River samples in this study are ε = 0.002-
0.076, γ = 0.003-0.056, and δ = 0.002-0.046.  In the Mancos, they are ε = 0.017-0.082, γ 
= 0.01-0.058, and δ = 0.015-0.062.   









Figure 29.  Plots of P-anisotropy (calculated from the geometric mean) and clay volume 
percentage for each sample.  As can be seen, there is a strong correlation between the 





















































Figure 30.  Plots silt volume percentage and P-anisotropy (calculated from the geometric 
mean) for the samples.  As quartz and feldspars have little texture, they have little control 


















































Figure 31.  Plots of carbonate volume percentage and P-anisotropy (calculated from the 
geometric mean) for studied samples.  Similar to silt, the carbonate fraction appears to 










































anisotropy for each sample.  There is a clear correlation between the clay volume fraction 
and the anisotropy calculated for each sample.  A higher clay fraction correlates to 
greater anisotropy.  No such correlation exists between silt or carbonate fraction and 
anisotropy.  Additionally, Figure 32 shows that there is a strong correlation between the 
amount of clay in a sample, and the texture strength of the clay minerals.  A larger clay 
volume fraction correlates to stronger textures in the clay phases.  Since the depth from 
which the Mancos Shale samples were obtained is known, this is plotted next to P-
anisotropy in Figure 33.  Sample depth may have a weak correlation to P-anisotropy, with 
deeper samples displaying higher anisotropy.  However, this correlation is much less 
significant compared to the correlation between clay volume and anisotropy. 
 
Discussion 
The m.r.d. ranges for illite can be compared to similar previous studies of various 
shale formations around the world.  The Kimmeridge Shale in the North Sea ranges from 
2-6 m.r.d (Wenk, Kanitpanyacharoen, & Voltolini, 2010), and the Qusaiba Shale in Saudi 
Arabia ranges from 2.4 to 6.8 m.r.d. (Kanitpanyacharoen et al., 2011).  Similarly, Central 
European shales have clay m.r.d. ranges from 2-9 m.r.d. (Wenk et al., 2008a, 2008b.), 
shales from Nigeria have a range from 2-5 m.r.d. (Lonardelli et al., 2007), shales from the 
Bakken formation, Montana have a range from 2-10 m.r.d. (Easley, 2014), and shales 
from Silver Hill, Montana have a maximum clay m.r.d. of around 10 (Wenk, Franz, Nihei, 
& Nakagawa, 2007).  The samples from the Green River and Mancos Shale studied here 
do exhibit similar maximum clay texture strength (1.3-6.7 m.r.d.) to these other shales; 









Figure 32.  Plots of clay volume fraction and maximum m.r.d. for the (001) pole figures 
for illite and chlorite.  A strong correlation can be seen between the amount of clay in a 
sample, and the texture strength.  Note EX1 samples are not shown as they contain very 
























































Figure 33.  Plots sample depth and P-anisotropy (calculated from the geometric mean) for 
Mancos Shale samples. There may be a weak correlation between sample depth and 
anisotropy in some cases, but it is much smaller than the correlation between anisotropy 





































study having relatively low clay fractions (11-35% in the Green River and 20-37% in the 
Mancos) compared to other studies. 
The P-wave anisotropies calculated using the geometric mean in this study range 
from 0.4% to 7.1% in the Green River samples, and from 1.7% to 7.6% in the Mancos 
samples.  Again, clay volume fraction is strongly associated with a higher anisotropy.  
This is consistent with anisotropies calculated in other studies, though lower.  The Mont 
Terri Shale anisotropy was calculated to be about 20% (Wenk et al. 2008a), the Qusaiba 
Shale were found to have a range from 9.1 to 14.3% (Kanitpanyacharoen et al., 2011), 
North Sea shales were calculated to have an anisotropy of about 12% (Valcke, 2006), and 
Nigerian shales have an anisotropy calculated at about 10% (Lonardelli et al., 2007) 
Bakken Shale samples have calculated anisotropy range of 1.4% to 16.5% (Easley, 2014) 
which is the most similar to the range seen in this study.  The small amount of clay in the 
Green River and Mancos Shale samples is most likely the largest factor in the lower 
anisotropy (Hornby, 1994). 
It should be noted that the kaolinite clay phase was observed in many of the shales 
studied around the world (Kanitpanyacharoen et al., 2011; Lonardelli et al., 2007; Wenk 
et al., 2008a, 2008b) and in many cases comprises a significant portion of the clay present 
in these shales.  However, kaolinite is not present in the Green River or Mancos samples 
in this study.  Kaolinite is also not observed in shale samples from the Bakken formation 
(Easley, 2014), where it is suggested that this may indicate a farther distance from the 
sediment source.  This is consistent with the depositional environment of the Mancos 





The Thomsen parameters calculated for Green River samples in this study are ε = 
0.002-0.076, γ = 0.003-0.056, and δ = 0.002-0.046.  In the Mancos, they are ε = 0.017-
0.082, γ = 0.01-0.058, and δ = 0.015-0.062.  These compare to ε = 0.08-0.33, γ = 0.11-
0.53, and δ = -0.05-0.23 in shale samples from the North Sea, Africa, and the Gulf Coast 
(Wang, 2002), ε = 0.10-0.16, γ = 0.07-0.12, and δ = 0.08-0.10 in the Qusaiba Shale in 
Saudi Arabia (Kanitpanyacharoen et al., 2011), and ε = 0.03-0.07, γ = 0.01-0.10, and δ = 
-0.03-0.03 in Nigerian shales (Lonardelli et al., 2007).  The Thomsen parameters again 
show that the Green River and Mancos Shale samples studied not only have a lower 
degree of P-wave anisotropy, but also lower S-wave anisotropy than all of the samples in 
these other studies.  
Texture strength can be used to estimate the compaction strain.  A method exists to 
estimate compaction strain (εc) by using maximum pole density of a phase (Oertel & 
Curtis, 1972).  The εc using this method is defined as εc = ρmax-1/2-1, where ρmax is the 
maximum pole density.  This is based on an earlier method known as the March model, 
which assumes that randomly oriented rigid plates in a viscous matrix will develop a 
preferred orientation when the aggregate is strained (March, 1932).  The compaction 
strain was calculated for the Green River and Mancos Shale samples using the (001) 
maximum pole density for the constituent clay phases, and is reported in Table 6.  In the 
Green River samples, εc = -0.14 to -0.61.  In the Mancos Shale samples, εc = -0.14 to -
0.52.  These compare to calculated εc = -0.36 to -0.61 in the Qusaiba Shale in Saudi 
Arabia (Kanitpanyacharoen et al., 2011).  In addition to this, Voltolini et al. (2009) found 
that samples with large clay fractions (75-100% clay by weight) have εc = -0.35 to -0.51 








Table 6.  Compaction strain (εc) calculated using the maximum pole density (ρmax) from 
the (001) pole figure for clay phases in Green River and Mancos samples. 
  
 Illite Illite-Smectite Chlorite 
sample ρmax εc ρmax εc ρmax εc 
Q16_15160 4.07 -0.50 - - 4.66 -0.54 
Q16_15172 3.79 -0.49 - - 4.34 -0.52 
Q16_15223 2.33 -0.34 - - 2.61 -0.38 
Q16_15264 2.63 -0.38 - - 2.81 -0.40 
Q8_9703 3.58 -0.47 - - 3.56 -0.47 
P2_7135 4.42 -0.52 - - 5.94 -0.59 
Q8_9715_dark 1.81 -0.26 - - 1.96 -0.29 
Q8_9715_light 1.44 -0.17 - - 1.35 -0.14 
EX1_013 4.02 -0.50 1.95 -0.28 2.05 -0.30 
EX1_036 6.70 -0.61 3.48 -0.46 2.49 -0.37 





that had undergone a 50 MPa compression. The compaction strain calculated for the 
Green River and Mancos Shale samples overlaps these ranges to a significant degree, 
indicating an extensive compaction history.  As the Mancos Shale is a much older 
formation than the Green River (Cretaceous vs. Eocene), and the samples used in this 
study come from a much greater depth than the Green River samples, the calculated 
compaction strains may not be representative of their compaction history.  Instead, it is 
likely that a sample’s maximum pole density is imprinted early on in diagenetic history.   
Figure 34 shows a plot of P-wave anisotropy versus clay volume fraction for the 
Green River and Mancos samples used in this study, along with samples from the 
Qusaiba Shale (Kanitpanyacharoen et al., 2011), and the Bakken Shale (Easley, 2014).  
From this plot, a strong linear correlation between these two parameters is observed.  A 
best-fit linear approximation has an equation of P-anisotropy = 0.2413*clay volume 
fraction – 1.7044, with an R2 value of 0.8995.  In a previous study, Allan et al. (2015) 
found that extrinsic factors, predominantly microcracks and fractures in the shale, 
accounted for at most 30% of the anisotropy in shales under low confining pressures.  For 
shale in-situ at depth, this will likely be much less as fractures largely close under higher 
pressures.  Thus, since intrinsic anisotropy is the dominant source of anisotropy, the 
simple linear equation put forth here can be used to estimate P-wave anisotropy fairly 
closely if the total clay content of a sample is known.  Note that absolute velocity values 
are too fast compared to observed velocities as there is no porosity, fluids, or organic 
material accounted for in these models.  This could potentially provide a relatively easy 
method to constrain velocity models in a seismic survey.  As more shale units around the 









Figure 34.  Plot of P-wave anisotropy vs. clay content for all Green River and Mancos 
Shale samples in this study, along with samples from the Qusaiba Shale 
(Kanitpanyacharoen et al., 2011) and the Bakken Shale (Easley, 2014).  A strong linear 
relation (R2 of 0.8995) exists with an equation of P-anisotropy = 0.2413*clay volume 







































Eleven shale samples taken from various cores in the Mancos and Green River 
formations were studied using synchrotron x-ray diffraction.  Textures were quantified 
for the minerals present in these samples, with special attention paid to clay minerals.  
Clay minerals illite, illite-smectite, and chlorite were strongly textured and are the major 
contributors to the intrinsic anisotropy that was calculated for each sample.  Calculated 
intrinsic anisotropy in the Mancos and Green River samples was compared to other 
samples studied from around the world.  A plot of P-wave anisotropy versus clay volume 
fraction was created using data from the Green River and Mancos Shale samples, along 
with previously studied samples from the Qusaiba and Bakken shales, and reveals a 
strong linear correlation.  A simple linear equation was fit to the data, and can be used to 









DEFORMATION AND TRANSFORMATION TEXTURES IN NEIGHBORITE 
(NaMgF3) PEROVSKITE  AND POST-PEROVSKITE ANALOGS 
 
Introduction 
The D” region of the lower mantle occurs just above the core mantle boundary.  This 
region is seismically complex compared to the majority of the lower mantle, and is 
characterized by seismic discontinuities, topographical variations, lateral heterogeneity, 
anisotropy, and ultra-low velocity zones (Garnero & McNamara, 2008; Helmberger, Lay, 
Ni, & Gumis, 2005; Houser, 2007; Lay & Garnero, 2007; Wookey & Dobson, 2008; 
Wookey & Kendall, 2007).  Some studies of the D” region have revealed large seismic 
anomalies with high S-wave velocities around the Pacific, surrounding two low velocity 
regions beneath the central Pacific and southern Africa (Garnero & McNamara, 2008; 
Houser, 2007; Lay & Garnero, 2007; Masters, Laske, Bolton, & Dziewonski, 2000; 
Panning & Romanowicz, 2004; Panning & Romanowicz, 2006; Wookey & Dobson, 
2008).  It has been suggested that these low velocity regions may be “superplumes” of 
hot material rising from the core mantle boundary due to mantle convection (Burke & 
Torsvik, 2004; McNamara & Zhong, 2005).  D” anisotropy is very complex, but for the 
most part, horizontal S-wave velocity (VSH) is greater than vertical S-wave velocity (VSV) 





2006; Wookey & Kendall, 2007).  In low velocity regions, anisotropy is more varied with 
both VSH>VSV and VSV>VSH being seen as well as smaller regions that are relatively 
isotropic (Panning & Romanowicz, 2004; Panning & Romanowicz, 2006; Wookey & 
Kendall, 2007).   
The D” is the boundary between the solid mantle and the liquid outer core; it is a 
region between two rather extreme viscosities.  As a boundary layer, it can be expected to 
play an important role in controlling the thermal structure and evolution of the Earth 
(Tackley, 2000).  Numerical modeling and laboratory experiments seem to indicate that 
deformation is enhanced near boundary layers and large strain deformation is expected to 
occur in the D” region, particularly in subducted slabs (Loubet, Ribe, & Gamblin, 2009; 
McNamara, Van Keken, & Karato, 2002; McNamara, Van Keken, & Karato, 2003).   In 
addition to this, it has been suggested based on experimentation and theoretical evidence 
that the D” layer could be a weaker region than the overlying mantle and so could be 
expected to localize deformation (Ammann, Brodholt, Wookey, & Dobson, 2010; Hunt et 
al., 2009).  It is thus likely that seismic anisotropies observed in the D” are due to 
deformation-induced texture, or preferred orientations, of its constituent minerals 
(Karato, 1998; Loubet et al., 2009; McNamara et al., 2002; McNamara et al., 2003; 
Wookey & Kendall, 2007). 
A phase transition discovered in MgSiO3 from a perovskite (Pv) to a post-perovskite 
(pPv) structure at conditions very close to those of the core mantle boundary sheds new 
light on the D” layer (Murakami, Hirose, Kawamura, Sata, & Ohishi, 2004; Oganov & 
Ono, 2004; Shim, Duffy, Jeanloz, & Shen, 2004).  The phase transformation from Pv to 





small change in P-wave velocities, which seems to be consistent with global observations 
(Loubet et al., 2009; Tsuchiya, Tsuchiya, Umemoto, & Wentzcovitch, 2004; Wookey, 
Stackhouse, Kendall, Brodholt, & Price, 2005).  This does not seem to hold true in all 
regions. In some places, the velocity increase predicted from mineral physics is not large 
enough to match observed velocities (Lay & Garnero, 2007). It has been suggested that 
texturing of pPv may be needed to reconcile seismic velocities with the presence of pPv 
in these regions (Hirose, 2007; Lay & Garnero, 2007).  The thickness of the Pv to pPv 
transformation also remains a question.  Studies have shown the top of the D” to be rather 
sharp, with the layer occurring over a thickness of less than 30 km (Lay, 2008).  
However, estimates for the coexistence of the Pv and pPv phases for a range of plausible 
chemical compositions seems to predict larger thicknesses closer to 90 km (Akber-
Knutson, Steinle-Neumann, & Asimow, 2005; Catalli, Shim, & Prakapenka, 2009; Ohta, 
Hirose, Sata, & Ohishi, 2006; Tateno, Hirose, Sata, & Ohishi, 2005). Texturing of pPv 
could again be the reason for the sharpening of this boundary (Ammann et al., 2010; 
Murakami, Hirose, Sata, & Ohishi, 2005). 
Although texturing of pPv is critical to fully understanding the D” (Cottaar, 
McNamara, Romanowicz, & Wenk, 2014; Nowacki, Walker, Wookey, & Kendall, 2013; 
Wenk, Cottaar, Tome, McNamara, & Romanowicz, 2011), data on texture development 
in post-perovskite are limited. Early studies proposed that slip should occur off the (010) 
plane, based on the layered structure of pPv (Iitaka, Hirose, Kawamura, & Murakami, 
2004; Murakami et al., 2004; Oganov & Ono, 2004;).  However, Oganov, Martonak, 
Laio, Raiteri, and Parrinello (2005) predicted slip on {110}11ത0 using first-principles 





cell experiments on MgGeO3 pPv and MgSiO3 pPv using radial diffraction found textures 
with (100) planes at high angles to compression, which was interpreted as a result of slip 
on {110} and (100) (Merkel et al., 2006; Merkel et al., 2007).  This was consistent with 
Oganov et al. (2005). These works were in conflict with other first-principles 
calculations, which modeled dislocation cores based on the Peierls-Nabarro model.  
These found (010)[001] to be the dominant slip system in MgSiO3 pPv (Carrez, Ferre, & 
Cordier, 2007a,b).  This work was expanded by Metsue, Carrez, Mainprice, and Cordier 
(2009) to include CaIrO3 and MgGeO3 pPv.  This study suggested that for CaIrO3 pPv, 
(010)[001] slip should be the easiest slip system while (001)[100] should be the easiest 
for MgGeO3 pPv.   
CaIrO3 has been experimentally the most studied for deformation mechanisms of the 
pPv structured compounds (Miyagi et al., 2008; Miyajima, Ohgushi, Ichihara, & Yagi, 
2006; Miyajima & Walte, 2009; Niwa et al., 2007; Walte, Heidelbach, Miyajima, & 
Frost, 2007; Walte et al., 2009; Yamazaki, Yoshino, Ohfuji, Ando, & Yonedu, 2006).  
This is mostly due to its ease of study, as it is stable in the pPv structure at ambient 
conditions (Rodi & Babel, 1965). Transmission electron microscopy (TEM) was use to 
study dislocation microstructures generated during the synthesis of CaIrO3 pPv and 
Burgers vectors b = [100] with some b = u0w were found, and it was suggested that 
(010) was the most likely slip plane in CaIrO3 pPv (Miyajima et al., 2006).  Yamazaki et 
al. (2006) performed high-temperature shear experiments on CaIrO3 pPv and used 
scanning electron microscopy (SEM) and electron back-scatter diffraction (EBSD) on 
recovered samples to find (010)[100] slip on the basis of fabric observations.  EBSD and 





simple shear experiments in the D-DIA multi-anvil press to a higher pressure of 3 GPa 
seem to provide further support for this conclusion (Walte et al., 2007).   Room-
temperature DAC experiments on CaIrO3 pPv to 6 GPa obtained textures consistent with 
(010) slip, seeming to show that the dominant slip system in CaIrO3 pPv is the same at 
room temperature as it is at higher temperatures (Niwa et al., 2007).  Miyagi et al. (2008) 
expanded on these studies further by performing radial diffraction texture measurements 
on CaIrO3 pPv deformed in the D-DIA at a range of pressure-temperature conditions up 
to 6 GPa and 1300 K and at varying strain rates and found that texture and dominant slip 
systems did not change with temperature, pressure, or strain rate. Polycrystal plasticity 
modeling using the Visco Plastic Self-Consistent (VPSC) model (Lebensohn & Tome, 
1994) showed that experimental textures could be explained by slip on (010)[100] with 
some slip on (010)101, but that (010)[001] slip generated textures incompatible with the 
experiments (Miyagi et al., 200).  
The evidence that slip on (010)[100] is the dominant system in CaIrO3 seems to be 
quite robust based on the large number of independent and consistent experimental 
results (Miyagi et al., 2008; Miyajima et al., 2006; Miyajima & Walte, 2009; Niwa et al., 
2007; Walte et al., 2007; Walte et al., 2009; Yamazaki et al., 2006). However, it is 
unclear as to why different textures are observed in MgGeO3 pPv and MgSiO3 pPv 
(Merkel et al., 2006; Merkel et al., 2007).  Yamazaki et al. (2006) proposed that 
differences in slip systems observed for high temperature deformation of CaIrO3 pPv and 
room-temperature DAC experiments on MgGeO3 pPv and MgSiO3 pPv (Merkel et al., 
2006; Merkel et al., 2007) were because of a change in dominant slip systems at high 





same textures at room temperature and high temperature (Miyagi et al., 2008; Niwa et al., 
2007).   
It is also possible that some of the DAC experiments could be recording 
transformation textures (Okada, Yagi, Niwa, & Kikegawa, 2010; Santillian, Shim, Shen, 
& Prakapenka, 2006; Walte et al., 2007; Walte et al., 2009;).  Walte et al. (2009) did 
experiments transforming CaIrO3 Pv to pPv.  Here it was observed that after 
transformation from Pv, the pPv phase exhibited a texture of (100) planes almost normal 
to the compression directions, which was consistent with the DAC results on MgGeO3 
pPv and MgSiO3 pPv (Merkel et al., 2006; Merkel et al., 2007).  After deformation, this 
changed to (010) planes at high angles to compression indicating activity of slip on (010).  
It was then concluded that results of Merkel et al. (2006) and Merkel et al. (2007) 
recorded transformation textures and that deformation should then occur on (010) (Walte 
et al., 2009).  It is important to keep in mind that in the experiments of Merkel et al. 
(2006) and Merkel et al. (2007), the synthesis of pPv was accomplished directly from the 
enstatite phase, bypassing the Pv phase completely. 
Okada et al. (2010) performed room-temperature DAC experiments on MgGeO3 pPv 
using both radial and axial diffraction.  When transforming the Pv phase to pPv, it was 
observed that just after transformation, (001) planes were oriented at high angles to the 
compression axis, which was different from the transformation textures observed in 
CaIrO3 pPv by Walte et al. (2009).  In addition to this, axial diffraction measurements 
were also performed on MgGeO3 pPv synthesized from enstatite, and it was found that 
(100) and {110} planes aligned at high angles to compression just after transformation, 





compression, changes in the axial diffraction patterns seem to suggest that (001) planes 
become aligned normal to compression (Okada et al., 2010).  It is important to note that 
inference of textures from axial diffraction measurements is unreliable.  Axial diffraction 
is only able to provide information on lattice planes oriented at very low angles to 
compression and contains no direct information on lattice planes in other orientations. 
Miyagi, Kanitpanyacharoen, Stackhouse, Militzer, and Wenk (2011) performed DAC 
experiments on MgGeO3 pPv, synthesizing MgGeO3 pPv from both an enstatite phase, 
and a Pv phase.  When synthesized from an enstatite phase, it was found that MgGeO3 
pPv had a transformation texture of (100) planes at high angles to compression, shifting 
to (001) upon deformation, with a dominant slip system of (001)[100].  The (100) texture 
observed initially is consistent with that of Merkel et al. (2006) and Merkel et al. (2007), 
providing further evidence that that is a transformation texture.  The slip on the (001) 
plane in MgGeO3 is consistent with Okada et al. (2010). When synthesized from a (001) 
pretextured Pv phase, MgGeO3 pPv shows a (001) transformation texture, indicating that 
(001) Pv becomes (001) in the pPv structure.  The (001) texture in pPv did not change 
with further deformation. Dobsen et al. (2013) studied transformation textures in NaNiF3 
Pv and pPv using TEM-microscopy on samples recovered from mutli-anvil experiments. 
This study found that [001] directions were preserved between the two structures and 
(010) Pv was approximately parallel to (110) pPv.  Texture inheritance in MgGeO3 and 
NaNiF3 is in contrast to CaIrO3 pPv transformed from the Pv phase. When a sample of 
CaIrO3 Pv was transformed to pPv, a (100) texture was observed; however, since the Pv 
sample was randomly oriented, an orientation relation between the Pv and pPv phases 





Another explanation for differences between the observed textures in CaIrO3, 
MgGeO3, and MgSiO3 pPv is that CaIrO3 pPv may have different deformation behavior 
than MgGeO3 and MgSiO3 pPv (Miyagi et al., 2008).  CaIrO3 pPv has very different 
structural parameters than MgSiO3 pPv, which could account for this.  The bond lengths, 
bond angles, and octahedral distortions of MgGeO3 pPv are much closer to those of 
MgSiO3 than CaIrO3 pPv (Kubo et al., 2008).  Raman spectroscopy measurements have 
also indicated that bonding in CaIrO3 pPv is different from other pPv structured 
compounds (Hustoft, Shim, Kubo, & Nishiyama, 2008). Also, first-principles 
computations find CaIrO3 pPv to have elastic properties and an electronic structure that 
are inconsistent with MgSiO3 pPv (Tsuchiya & Tsuchiya, 2007).   
There are still other pPv structured compounds to be studied that can aid in the 
understanding of texture development and slip systems.  In particular, NaXF3 compounds 
are structurally closer to MgSiO3 pPv than MgGeO3 and CaIrO3 (Dobsen et al., 2013; 
Kubo et al., 2008). Here, a new radial diffraction experiment was performed NaMgF3 
pPv compound synthesized from the Pv structured neighborite phase. 
 
Experimental Procedure 
Experiments were performed at HP-CAT, beamline 16 ID-B of the Advanced Photon 
Source at Argonne National Laboratory.  A modified Mao-Bell type cell with large 
openings for radial diffraction was used.  Diamond anvils with 200 μm culets were 
mounted in the cell.  The boron gasket had a precompressed thickness of 50 μm, with a 
50 μm sample chamber.  A finely ground NaMgF3 sample was mixed with 5 wt% Pt 





ray beam is orthogonal to the compression axis, was used.  Diffraction images were 
collected using a MarCCD detector, with an 8-second exposure time.  The x-ray 
wavelength was 0.619921 Å and the beam size was 10 μm x 10 μm.  A CeO2 standard 
was used to calibrate sample to detector distance, beam center, instrument broadening, 
and detector tilt.  After an initial compression to 37 Gpa, the phase transformation to pPv 
was induced at approximately 1400 K using single-sided laser heating.  Pressure was then 
increased incrementally to a maximum of 66 GPa at room temperature.  Pressures were 
calculated using the equation of state for platinum from Fei et al. (2007).  
 
Data Analysis 
Diffraction images were initially processed using Fit2d (Hammersley, 1997).  Images 
were integrated over 5⁰ arcs into 72 discrete spectra (Figure 35).  Spectra that contained 
the beam stop and diamond spots were removed.  The images were then analyzed using 
the MAUD software, which implements the Rietveld method (Lutterotti et al., 1997).  
Backgrounds were interpolated using 10 manually selected points on each image between 
diffraction peaks.  A Q-space range of 2.25 to 3.87 Å-1 was used.  Images were refined 
for crystal lattice parameters, crystallite size, lattice strain, and preferred orientation.  
Popa line broadening with an isotropic size-strain model was used for the refinement of 
crystallite size (Popa & Balzar, 2002).   The moment pole stress model was used to refine 
lattice strains and calculate stress (Matthies & Humbert, 1993; Matthies, Priesmeyer, & 
Daymond, 2001).  A bulk path geometric mean, which is between the Voigt and Reuss 
models, was used for the micromechanical model (Matthies et al., 2001).  Texture 










Figure 35.  Diffraction image of NaMgF3 pPv at 66 GPa, integrated into 72 spectra 
(bottom), as well as the Rietveld refinement model fit (top).  The 111 platinum peak has 
been labeled, along with the pPv 130 peak, and the Pv 100 peak from residual Pv that did 
not convert to pPv.  Again, texture can be seen as intensity variations along diffraction 
peaks.  Stress can also be seen, and calculated, from the variation of the peak position 


















orientation distribution function (O.D.F.) (Matthies & Vinel, 1982).  A 15⁰ resolution 
was used, and cylindrical symmetry was imposed about the compression axis.  The 
O.D.F. was then exported and smoothed in BEARTEX.  Axial compression textures can 
be represented using an inverse pole figure of the compression direction.  Pole densities 
are displayed in multiples of random distribution (m.r.d.), where an m.r.d. of 1 represents 
a random distribution. 
 
Results 
Table 7 shows refinement results for unit cell lattice parameters, crystallite size, 
microstrain, and inverse pole figure maximums.  Under compression, microstrain 
increases and unit cell parameters and crystallite size decrease.  The crystallite size 
obtained through these refinements represents an average of the size throughout the 
sample.  A qualitative sense of the distribution of crystallite size can be seen in the 
diffraction image in Figure 35; a spotty image means larger grains are present, whereas a 
smoother image points to smaller grain sizes.  For this experiment, there is a fairly spotty 
pattern, indicating the presence of larger grains.  This will also make texture extraction 
less reliable and results should only be viewed as semiquantitative. 
 
Texture Results 
Inverse pole figures for the Pv phase prior to conversion, the pPv phase just after 
conversion, and at higher pressure are shown in Figure 36.  The Pv phase exhibits a very 
strong (100) texture at 37 GPa, prior to conversion to pPv, with a m m.r.d. of 6.4.  Just 








Table 7.  Unit cell parameters, crystallite size, microstrain, and inverse pole figure 
maximum for NaMgF3 pPv at 37, 50, 59, and 66 GPa.  Cell parameters and crystallite 
size decrease with pressure.  Likewise, microstrain increases with pressure.  The 
maximum m.r.d. (multiples of random distribution) value of the inverse pole figure 





























































Figure 36.  Inverse pole figures for a) NaMgF3 Pv at 37 GPa, prior to conversion b) 
NaMgF3 pPv at 37 GPa, just after conversion, and c) NaMgF3 pPv at 66 GPa upon further 
compression.  In a), a strong (100) texture can be seen.  Immediately upon conversion, in 
b), this becomes a (130) transformation texture in the pPv phase.  This (130) texture 







maximum of 2.4 m.r.d.  Upon compression to 66 GPa, a shoulder develops at (001). 
 
Discussion 
The strong (100) texture seen in the NaMgF3 Pv phase develops immediately upon 
the closure of the DAC, and remains until conversion to pPv.  Miyagi and Wenk (2016) 
performed visco-plastic self-consistent (VPSC) modelling to show that an (001) 
texturecan develop due to twinning {110}<1-10>, and/or slip on (100).  Kaercher et al. 
(2016) studied deformation of NaMgF3 Pv in the D-DIA over a range of temperature and 
pressure conditions, and concluded that the (100) texture results from slip on (100) 
planes. The transformation texture for the Pv to pPv transition, or (100) texture to (130) 
in pPv, is consistent with theoretical work done by Tsuchiya et al. (2004), and Oganov et 
al. (2005), as well as experimental work on MgGeO3 Pv to pPv (Miyagi et al., 2011) and 
on NaNiF3 Pv to pPv (Dobson et al., 2013). 
Visco-plastic self-consistent (VPSC) modeling was used to simulate the effects of 
different dominant slips systems in the NaMgF3 pPv phase.   The results of these 
simulations can be seen in Figure 37.  These simulations used the transformation texture 
in Figure 36b as a starting point for the simulation. Each simulation consisted of 30 steps, 
each step being an increase of strain by 1%.  Modeling took into account 2000 individual 
grains of equal size and shape.  The closest match appears to be a dominant slip system of 
(001)[100].  This is consistent with DAC deformations experiments on MgGeO3 pPv 
(Miyagi et al., 2011) and MgSiO3 (Miyagi et al., 2010), which found dominant slip on 
(001).  This is in contrast to CaIrO3, which conclusively deforms on (010) planes (Miyagi 









Figure 37.  Results of VPSC modelling for dominant slip systems of a) (001)[100], b) 
(001)<110>, c) (100)[001], d) (010)[100], e) (010)<101>, and f) {110}<110>.  From 
Figure 36, it appears as if the texture seen in NaMgF3 pPv at 66GPa most closely 






et al., 2007; Walte et al., 2009; Yamazaki et al., 2006).  Thus it appears that, of all the 
pPv structured compounds studied, all slip on (001) except for CaIrO3.  Simulations of 
anisotropy development in the D” show that (001) slip in pPv will produce shear waves 
splitting of Vsh  > Vsv (Cottaar et al., 2014; Wenk et al., 2011) consistent with shear wave 
splitting observations in the circum-Pacific region. 
 
Conclusion 
A new experiment was performed on the neighborite (NaMgF3) Pv and pPv analogs.  
A phase transformation to the post-perovskite structure was induced at a pressure of 37 
GPa by heating the sample.  Pressure was increased incrementally up to 66 GPa.  The 
strong (100) texture seen in the NaMgF3 Pv phase is transformed to a (130) texture in the 
pPv phase.  Indicating that (100) Pv planes become (130) planes in the pPv phase.  This 
is consistent with transformation relationships proposed for MgGeO3 (Miyagi et al., 
2011) and NaNiF3 (Dobsen et al., 2013), but is in contrast to CaIrO3 (Walte et al., 2009). 
Under further compression, a shoulder develops towards (001).  VPSC simulations show 
that the (001)[100] slip system most closely matches the observed results.  Slip on (001) 
matches results of all pPv structured materials, except for CaIrO3, which slips on (010).  
Slip on (001) in the D” layer would result in shear wave splitting of Vsh > Vsv, which 
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